Monitoring snow parameters (e.g. snow-cover area, snow water equivalent) is challenging work. Because of its natural physical properties, snow strongly affects the evolution of weather on a daily basis and climate on a longer time scale. In this paper, the snow recognition product generated from the MSG-SEVIRI images within the framework of the Hydrological Satellite Facility (HSAF) Project of EUMETSAT is presented. Validation of the snow recognition product H10 was done for the snow season (from 1 January to 31 March) of the water year 2009. The MOD10A1 and MOD10C2 snow products were also used in the validation studies. Ground truth of the products was obtained by using 1890 snow depth observations from 20 meteorological stations, which are mainly located in mountainous areas and are distributed across the eastern part of Turkey. The possibility of 37% cloud cover reduction was obtained by merging 15-min observations from MSG-SEVIRI as opposed to using only one daily observation from MODIS. The coarse spatial resolution of the H10 product gave higher commission errors compared to the MOD10A1 product. Snow depletion curves obtained from the HSAF snow recognition product were compared with those derived from the MODIS 8-day snow cover product. The preliminary results show that the HSAF snow recognition product, taking advantage of using high temporal frequency measurement with spectral information required for snow mapping, significantly improves the mapping of regional snow-cover extent over mountainous areas.
avec l'information spectrale requise pour la cartographie de la neige, améliore significativement la cartographie de l'étendue régionale de la couverture nivale des zones montagneuses.
INTRODUCTION
Snow is one of the major water resources in many regions of the world; therefore monitoring and estimating the snow parameters play an important role in predicting discharges during melting seasons. Snowcovered area information is one of the inputs for distributed snow models. For mountainous regions, satellite imagery is the most convenient way for keeping track of snow-cover extent considering the inaccessibility due to the difficulties of rough terrain and high elevations.
Remote sensing data have been used for better comprehension of information on snow-cover extent (Cline et al. 1998 , Painter et al. 2003 . Several satellite sensors have been used for snow-cover mapping, such as: AVHRR, MODIS and MERIS (Harrison and Lucas 1989 , Hall et al. 2002 , Tampellini et al. 2004 ). MODIS has good temporal and spatial resolutions for snow-cover monitoring; therefore, it has been utilized in numerous studies (Parajka and Blöschl 2012) . Various studies have been done on the validation of MODIS snow-cover products under a variety of snow-and land-cover conditions. Most studies show an overall "clear sky" accuracy of 94% compared with ground measurements (Parajka and Blöschl 2006 , Hall and Riggs 2007 . Lower accuracies are typically obtained in the autumn and spring, under thin-snow conditions and in denselyforested areas. Also, a significant source of error in the MODIS snow products is due to the cloudmasking algorithm, which is embedded in the snow algorithm. In Tekeli et al. (2005) , comparison of MODIS snow maps with in situ measurements over the snow season showed good agreement, with overall accuracies ranging between 62 and 82% considering the shift in the days of comparison. In that study, the main reasons for disagreement between MODIS and in situ data are given as the high cloud cover frequency in the area and the current version of the MODIS cloud mask that appears to frequently map edges of snow-covered areas and land surfaces (Tekeli et al. 2005) . Parajka and Blöschl (2008) presented an evaluation of simple mapping methods that reduce cloud coverage by using information from neighbouring non-cloud-covered pixels in time and space, and by combining MODIS data from the Terra and Aqua satellites. Tekeli and Tekeli (2011) performed a similar approach for improving MODIS standard snow-cover products for snow-cover monitoring over eastern Turkey. Ault et al. (2006) performed a validation of the MODIS snow product (MOD10_L2) and cloud mask (MOD35) in the Lower Great Lake region, USA. They found that when cloud cover does not obscure the ground, the MOD10_L2 snow product provides an accurate and reliable record of snow and ice extent. However, when cloud cover is prevalent in an image, the MOD10_L2 snow product can sometimes misinterpret the cloud cover as either ice or snow (Ault et al. 2006) . Cloud cover discrimination is the most challenging problem in retrieving snow-cover information from the satellite images acquired in the optical portion of the spectrum. The Spinning Enhanced Visible and Infrared Imager (SEVIRI) instrument on board the MSG (METEOSAT Second Generation) satellite, a geostationary satellite scanning the whole hemisphere, requires the inclusion of visible, near-infrared and thermal parts of the spectrum, at the same time as the essential spectral content for adequate snow-cover extent monitoring. The high temporal resolution (15min) and wide aerial coverage of SEVIRI imagery make it a good choice for observing rapidly changing phenomena, such as for fog monitoring, tracking cloud movements or snow-cover mapping (Bertrand et al. 2008, Cermak and Bendix 2008) .
The use of snow products retrieved from satellite images in hydrological applications and observation of the impact of such products in hydrological models are key issues in the Hydrological Satellite Facility (HSAF) Project, which is financially supported by the European Organization for the Exploitation of Meteorological Satellites (EUMETSAT). Turkey takes part in the HSAF Project in the development of satellite-derived snow products (snow recognition, effective snow cover and snow water equivalent) for mountainous areas, calibration/validation of satellite-derived snow products and impact studies with hydrological modelling in the 21 selected test basins of Europe.
In this study, the daily snow recognition product (referred to as H10 herein) generated from MSG-SEVIRI data is described, and the validation analysis performed with observations from ground measurements at synoptic weather observation stations and with another satellite-derived snow product, MOD10C2, for the melting period (1 January to 31 March) of water year 2009, is presented and the results are discussed.
DATA
2.1 Satellite data 2.1.1 MSG-SEVIRI Data Meteosat-9, also named Meteosat Second Generation, or MSG-2, was launched in December 2005 with significantly improved services and products of Meteosat satellites. The MSG-2 provides imagery with 15-min temporal resolution and 3-km spatial resolution (at nadir) through 12 spectral channels for the whole hemisphere of the Earth. Further information about the instrument can be found at: http://www.eumetsat.int/ Home/Main/Satellites/MeteosatSecondGeneration/ Instruments/index.htm.
The Turkish State Meteorological Service (TSMS) has been receiving MSG-2 data of the SEVIRI sensor for more than three years in level 1.5 high rate image transmission (HRIT) data format. The HRIT data are converted to hierarchical data format (HDF) and used in the product generation chain at the TSMS. Of the 12 spectral channels, four have been used mainly in the snow recognition algorithm development. The central wavelengths and channel numbers of these bands are given in Table 1 . The H10 product is produced covering the predefined spatial domain that is the area between longitude 25 • W-45 • E and latitude 25 • -75 • N, as shown in Fig. 1 . The mountain mask applied in the product generation algorithm is also depicted in Fig. 1 . Snow cover over mountainous areas and over flat/forest areas shows completely different physical properties; thus, the use of two separate algorithms makes it possible to get better results compared to using a generic algorithm (Dorothy Hall, personal communication). A mountain mask is required for development of the algorithm that is only applicable or suitable on mountainous (rough) terrains; by using a mountain mask, the areas that might be classified as flat land are discarded. In order to generate this mountain mask, a 1-km spatial resolution GTOPO digital elevation map (DEM) was used. After building a 0.05 • × 0.05 • interval mesh, an algorithm for binary mountain mask creation was run inside each individual mesh interval, in which mainly the elevation and the slope of the terrain are considered. All the statistics are searched in the given mesh interval and the points satisfying the given rules are selected as mountain pixels. The algorithm for mountain mask generation is as follows:
where μ is mean elevation, σ is standard deviation and τ is range, which is the difference between maximum and minimum elevation in the mesh.
Terra-MODIS snow products
MODIS data have been used since early 2000 to produce daily, global snow maps in an automated environment. These maps have been validated, are available at a variety of spatial resolutions (500 m, 0.05 • and 0.25 • ), and provide snow extent and fractional snow cover (FSC), as well as snow albedo (Klein and Stroeve 2002, Hall and Riggs 2007) . Inputs to the products include the MODIS cloud mask (Ackerman et al. 1998 , Platnick et al. 2003 , the land/water mask, the geolocation product, radiance products, and the surface-reflectance product (for snow albedo), and land cover. In this study, the MOD10A1 product is used in the comparison with ground data. The MOD10A1 MODIS/Terra daily snow cover Level 3, 500-m resolution product is in the sinusoidal map projection (Hall et al. 2000) . In developing the MOD10C1 product, the snow-cover extent is mapped by processing the MOD10A1 (500-m) product for a day in the climate modelling grid (CMG) projection used in the MOD10C1. In order to derive the snow depletion curves, the MOD10C2 product is used. The MOD10C2 is the 8-day CMG snow cover data product, and the snow-cover extent is expressed as an areal percentage of coverage of the input data at 500-m resolution in a 5-km cell of the CMG. Details of the product can be found in the study by Riggs et al. (2006) .
Ground data
Snow depth measurements from synoptic weather observation stations and climatic stations were used for the validation of the H10 product generated from MSG-SEVIRI. The data from those meteorological observation stations are mainly composed of periodically-measured snow depth information reported on a daily basis. The validation analyses using the ground observations were performed for the snow season of water year 2009 (January-March 2009). A total of 1890 observations from 20 stations operated by TSMS were used. The elevation of the stations ranges between 808 and 2500 m a.s.l. The land-cover information was obtained from the COoRdinate INformation on the Environment (CORINE) land database, a pan-European landcover/land-use map for non-commercial use provided by the European Environmental Agency (EEA). The land cover in the study area is not complex and is composed of bare ground, pasture and cultivated land. The distribution of stations over Turkey is shown in Fig. 2 . For comparisons of cloud coverage and regional snow depletion curves, a test basin, the Upper Euphrates basin, located in the eastern part of Turkey, was used ( Fig. 3 ).
METHODOLOGY

Algorithm for the generation of H10 product
The derivation of snow products over mountainous regions is considered very challenging. This can be done by periodic and precise mapping of the snow cover. However, inaccessibility and the scarcity of ground observations limit snow-cover mapping in mountainous areas. Nowadays, it is carried out operationally by means of optical satellite imagery. Retrieving the snow-cover area from satellite images faces the problem of topographical variations within the footprint of satellite sensors, and the spatial and temporal variation of snow characteristics in mountainous areas. Most global and regional operational snow products use generic algorithms for both flat and mountainous areas. However, the non-uniformity of the snow characteristics needs to be modelled with different algorithms for mountains and flat areas. In this study, the algorithm developed for mountainous areas is presented; the algorithm used for flat areas is given in Siljamo et al. (2008) . The final snow recognition product is obtained after merging the products developed for flat areas and mountainous areas, which was done at the Finnish Meteorological Institute (FMI)-detailed information on the algorithms can be found in Siljamo et al. (2008) and .
For the snow recognition algorithm for mountainous areas, spectral thresholding methods were applied on sub-pixel-scale MSG-SEVIRI images. The different spectral characteristics of cloud, snow and land determined the structure of the algorithm, and these characteristics were obtained from subjective classification of known snow-cover features in the MSG/SEVIRI images. Discrimination between snow and cloud is the most challenging part of the snow recognition algorithm development. Before carrying out further investigation of snow pixels, discrimination of cloud was done; thereafter, only cloud-free pixels were considered for snow and land discrimination. In order to get rid of cloud-covered pixels, Cloud Mask (CMa) and Cloud Type (CT) products of the Nowcasting Satellite Application Facility (NWCSAF 2007) were used. After detailed analysis of the CMa and CT products, they were combined, in order to integrate them into the proposed snow recognition algorithm, as the cloud recognition part has been generated.
Snow cover maps using MSG-SEVIRI data were produced for each 15-min cycle between 08:00 and 15:45 GMT, making 32 individual images per day. All individual 15-min images acquired during a day were subjected to a series of thresholding tests. A threshold for the sun zenith angle is also considered to eliminate the dark pixels due to the location of the sun. First, the high visible reflectance of snow was considered and pixels having reflectance values higher than 0.35 were collected. Then, a spectral indexing method similar to Dozier's method was used: Dozier (1989) used snow index (SI) by dividing the bands NIR1.6 to VIS0.6. The pixels having NIR1.6/VIS0.6 values lower than a fixed threshold value of 0.6 were collected. Normalized difference snow index (NDSI) is another well-known snow index used in snow product generation from MODIS data. The NDSI takes advantage of the fact that snow reflectance is high in the visible (0.5-0.7 µm) wavelengths and low in the shortwave infrared (1.0-4.0 µm) wavelengths (Hall et al. 2001 (Hall et al. , 2002 . The NDSI and SI values were compared for several clear-sky MSG-SEVIRI images for the study area (Fig. 4) , and those for the snow-cover areas show a good relationship. The selected threshold value of 0.6 for the snow-cover area retrieval corresponds to the NDSI value of 0.2. The NDSI value for 50% snow-covered areas is taken as 0.4 (Dozier 1989 , Hall et al. 2002 . By selecting SI = 0.6 as the threshold for full snow coverage, it is aimed to include the partial snow-covered areas in the retrieval of the H10 product.
Next, pixels having low sun zenith angle (sza) were discarded by a filter accepting pixels only higher than 5 • . A final test for covering all cold pixels below freezing point was applied and pixels with temperature lower than 288K on channel-9 (IR10.8) were accepted, given that the temperature of snow cannot exceed the freezing point (Romanov et al. 2003) . After obtaining snow-cover maps for each individual 15-min image, a daily snow-cover map was generated by accepting pixels having at least three snow hits among the 32 daily images. Finally, a daily thematic map of 5-km spatial resolution was produced that consists of four different classes: snow, cloud, bare ground and water, a sample of which is given in Fig. 5 . Due to the coarse spatial resolution of MSG-SEVIRI data, the retrieval of fractional snow-cover area from MSG-SEVIRI data was not considered; therefore, the proposed thresholds are used to retrieve the full snow cover in mountainous areas.
Validation with ground data
In order to test the performance and accuracy of the H10 product, a set of comparison tests were applied with the ground observations of snow depths for eastern Turkey, which is mostly mountainous. The daily ground measurements (snow or no snow) were compared to the colocated pixel information in the snowcover map by making contingency tables (snow, no snow) on a monthly basis (Table 2) . For the validation, the most common forecasting metrics, such as probability of detection (POD), hit rate (HR), omission error (snow missing rate, SMR) and commission error (false alarm rate, FAR) were Table 3 Calculation of metrics.
Note: POD: probability of detection; FAR: false alarm rate; HR: hit rate; SMR: snow missing rate.
used. These were calculated using the metric values described in Table 3 . Similar validation analysis was performed for the MOD10A1 snow product. In order to give similar spatial resolution, the MOD10A1 snow product was resampled to 5-km resolution with the nearest-neighbourhood resampling method. The same metric values were also computed for the resampled MOD10A1 product. The frequency of cloud pixels for the months January-March 2009 in the Upper Euphrates basin was also evaluated for the H10 and resampled MOD10A1 snow products. The percentage of cloud coverage was calculated by dividing the total basin area by the cloud-covered area on a daily basis.
Validation with MOD10C2
The H10 product is developed for hydrological impact studies within the HSAF Project. Snow-depletion curves are among the inputs to hydrological models in which snow melting is modelled. Therefore, in addition to validation with ground measurements, a comparison of the snow-depletion curves derived from the H10 product and the 8-day snow-cover product of the Terra-MODIS (MOD10C2) product was performed. The latter was selected, as it has the same spatial resolution as the HSAF snow product. As stated by Zhou et al. (2005) , the MODIS 8-day product has a better correlation with streamflow and a lower percentage of spurious snowmelt events in winter than the MODIS daily product. The relationship between the SCA derived from MOD10C2 snow products and the runoff during the spring was analysed for the period 2004-2009 in the Upper Euphrates basin (Akyurek et al. 2011) .
The basin is divided into five elevation zones in order to observe the behaviour of snow melting at different elevations, as shown in Fig. 3 . The areal coverage distribution of the zones for the full basin is: Zone A: 11%, Zone B: 34%, Zone C: 34%, Zone D: 20% and Zone E: 1%. Because Zone E is much smaller than the other zones, and only three pixels of the H10 product fall into this area, it was not taken into account for the analyses.
Cloud coverage percentages were also obtained for the basin. The snow-cover percentage was obtained by considering the ratio of snow classified pixels in a given elevation zone to the total area of the zone. Days when the cloud coverage was over 25% were discarded from the depletion curve derivation. In the previous hydrological studies in the basin, snow products having cloud coverage lower than 20-30% were found suitable for deriving snow depletion curves for modelling the snowmelt runoff (Marim 2008) .
RESULTS AND DISCUSSION
Results from validation with ground data
The validation of H10 and MOD10A1 snow products for January, February and March 2009 was performed. Since the H10 product is intended to map the snow extent for mountainous areas, the ground observations located in the mountainous areas were used. Early results show good general agreement between H10 product and in situ data, as was observed in a previous study (Surer et al. 2009 ) with a rather smaller data set. The metrics obtained from the analysis are depicted in Table 4 . The highest overall accuracy was obtained for January for H10 and March for MOD10A1. The probability of detection values obtained for H10 was larger than that obtained for MOD10A1. However, the overall accuracies obtained for H10 are lower than those obtained for MOD10A1. This is because of the large commission errors of the H10 product. The commission error, indicating snow on the ground where no snow occurred on the ground, is low in January, but comparatively high in February and March. It is very well known that, as melting starts, the evaluation of satellite mapping accuracy is difficult when snow cover becomes patchy. However, the omission error is low for the whole winter period. This error indicates that the algorithm does not find snow where snow occurs on the ground. Since the algorithm uses visible channels in discriminating snow, the strength of visible channels in identifying fresh snow on the ground can be seen in the computed metrics. The coarse spatial resolution of the MSG-SEVIRI data leads to high commission errors for the H10 product. The effect of spatial resolution can be seen in Fig. 6 , in which the MOD10A1 snow product, the resampled MOD10A1 product (5-km resolution with nearest-neighbourhood method), and the H10 snow product are presented. The other reason for the lower overall accuracy for February is the high cloud coverage that occurred in this month. The limitation of optical bands on cloudy days is very well known. Using a geostationary satellite for mapping snow extent improved the results due to the higher temporal resolution (15-min), but the course spatial resolution brings a disadvantage to mapping shallow snow and fractional snow in the melting season.
The cloud coverage percentage values for January-March 2009 are presented in Fig. 7 . The mean cloud coverage for the three months was 82.10% and 44.42% for the resampled MOD10A1 and H10 snow products, respectively. This indicates a possibility of 37.68% cloud cover reduction by merging 15-min observations from MSG-SEVIRI, compared to using only one daily observation from MODIS.
Results from validation with MOD10C2
The depletion curves derived from H10 and MOD10C2 snow products are presented in Fig. 8(a) and (b), together with the cloud percentages. A good agreement is seen between the two curves. The main disagreement is observed where there is high cloud coverage on 25 January 2009. The MOD10C2 product, having a low confidence index, indicates high cloud coverage for 8 days. From the ground observations, it was observed that snow was recorded on this date at the ground stations within the basin. Due to the high cloud coverage, it may not be possible to identify the snow-covered area from the MOD10C2 products. During the melting stage of the snow cover, after 17 May 2009, snow depletion curves derived from the H10 product show abrupt changes. During this period, the snow recognition algorithm misclassifies the ice crystals in the high opaque clouds as snow. In optical remote sensing, some types of ice clouds can be erroneously identified as snow, because they show similar reflectance and temperature values. Parajka and Blöschl (2006) stated that, during the assessment of MODIS snow product over Austria for the period 2000-2005, almost all MODIS overestimation errors in the summer months were caused by the misclassification of cirrus clouds as snow. The abrupt changes in the SCA depletion curves, which are not recommended in the SRM manual (Rango and Martinec 1979) , may lead to overestimation in runoff predictions. This indicates the need for post-processing analysis for the end of the depletion curves by using the surface temperature values in the basin.
The consistency of the snow products can be seen for zones B and C. For zone D there is an over-estimation in the snow depletion curve obtained from MOD10C2 compared to that obtained from the H10 product. Both snow products have 5-km spatial resolution and this coarse resolution leads to a mixed-pixel problem, which may be more important for regional studies than for global hydrological studies.
CONCLUSIONS
The most important contribution to the success of the snow recognition algorithm is to have observations from geostationary satellite imagery SEVIRI, which provides a high temporal frequency measurement with spectral information required for snow mapping. This high temporal frequency helps to improve the snow mapping despite the cloud coverage problem during the day if the clouds are moving. The possibility of 37% cloud cover reduction by merging 15-min observations from MSG-SEVIRI compared to using only one daily observation from MODIS was obtained. The high percentage of cloud coverage removal ability makes this snow product suitable for hydrological applications.
Early results show good general agreement between the H10 product and in situ data. They also indicate the suitability of the H10 product for use in hydrological studies. This work will be continued with more validation studies: the algorithm will be tuned to improve the snow extent mapping on the forest-covered areas. Variable thresholds depending on season can also be included in the algorithm.
